Background. Spa reaction is an adaptive response of an organism, emerging as a result of external factors. It is a positive element of spa therapy leading to metabolic changes, which are important for the body. The effect of these changes is an increase in immune activity and regenerative reactions of the body. The mechanism of the response is not fully known.
Introduction
In living organisms, oxygen reacts with organic compounds oxidizing them without undergoing total reduction due to the action of various, both external and internal, factors. The consequence of these shortcomings is the formation of reactive oxygen species (ROS). Among ROS, which are also called free radicals, there can be: singlet oxygen 1 O 2 , superoxide anion, hydrogen peroxide H 2 O 2 , and a hydroxide radical OH responsible for intracellular damage and, in consequence, apoptosis. In the state of health, the level of free radicals is strictly controlled in the process of maintaining a balance between their generation and removal. [1] [2] [3] The generation of ROS or decreased possibility to remove free radicals is defined as oxidative stress. 4, 5 The consequence of these effects is cell damage and the development of many diseases, such as atherosclerosis, Alzheimer's disease, Parkinson's disease, inflammation, degenerative diseases of the skeletal system, allergies, cancer, diabetes, macular degeneration. [6] [7] [8] The human body can be protected from the harmful effects of ROS by producing various metabolic reactions, both regulating and blocking the production of free radicals. The antioxidant defense system includes:
-endogenous antioxidants -produced by the body:
• enzymatic -antioxidant enzymes: superoxide dismutase, glutathione peroxidase, catalase; • non-enzymatic: linolenic acid, polyamides, albumin, bilirubin, glutathione, uric acid, ceruloplasmin, transferrin, coenzyme Q10 (these compounds have different points of binding); 9 -exogenous antioxidants -delivered from the outside: vitamins C, A, E, carotenoids, xanthophylls, polyphenols. These compounds are directly involved in free radical reactions; they affect both the transmission of cellular signals and the activity of enzymes or genes involved in the processes of cell death and DNA repair. [10] [11] [12] The evaluation of the antioxidant system can be performed with the use of a variety of methods, by assessing the total antioxidant status (TAS) or its individual components, especially in the first studied group. The present study concerned the total antioxidant capacity of plasma, TAS. The integrated antioxidant system embracing all biological components active in preventing oxidation was assessed.
Radon therapy in Europe has been used for over 100 years. Obviously, therapeutic programs were modified throughout the last century due to actively developing hydrotherapy and spa therapy. In Polish conditions, radon therapy can be ordained medically only by a doctor after considering the indications and contraindications, and then the standard number of treatments is prescribed. The number of treatments, their duration and type, such as inhalations, baths or mouthwashes (especially periodontal rinses) are defined.
Radon health resorts use water from natural sources, from drilling performed in accordance with the law of mining, with the approval of the Ministry of Environment and under the supervision of the Ministry of Health. Medicinal water has to meet certain criteria of bacteriological and balneochemical tests in order to be considered curative.
Radon in large doses has a negative impact on health, and its adverse effects are connected with damaging enzymes and nucleic acids, which leads to the formation of neoplastic cells. Therefore, while using radon as a medicinal material one should have these effects in mind. The basis for a rational therapeutic effect of radon water is the so-called hypothesis of radiation hormesis. According to the theory, small doses of ionizing radiation activate life processes. Currently, there are no scientific reports explaining the mechanisms of radiation hormesis. Among the mechanisms at the level of the cell control system there are: stimulation of DNA repair processes, protein synthesis, activation of genes, production of stress proteins, detoxification of radicals, activation of membrane receptors, proliferation of splenocytes, and stimulation of the immune system, resulting in a lower risk of mutations or tumorigenesis. 13 Radon water is specific water containing small quantities of unstable radioactive elements -radon and its decay products. The water is used in medicine when the content of radon exceeds 74 Bq/L (2 nCi/L), and when it meets operational and hygienic requirements. Radon is a chemical element formed in the process of disintegration of radioactive uranium and thorium. It is a noble, colorless and odorless gas, soluble in water, especially in weakly mineralized or acidified water. There are many radon isotopes, among which there is a precursor -radon-222 derived directly from radium-226 through alpha decay. The emitted alpha particles have low penetrating power, but high ionizing ability. The half-life is 3.8 days. The concentration of radon in natural conditions changes constantly throughout the day, as well as seasonally, in connection with precipitation. In the course of therapy, radon loss is also observed for technical reasons: while collecting water in reservoirs, transmission pipes, heating, chilling, and during intense exploitation. The decrease of radon content varies from 40% to 80%. This large variation in the concentration of radon at a collecting place makes calculating the dose impossible; thus, it is not practiced.
14 The absorption of radon in 95% occurs in the lungs, whereas the excretion from the body occurs in 90% through the lungs and the remaining part -through the kidneys and skin. During radon baths, the absorption occurs mainly through inhalation, because radon and its derivatives accumulate in large quantities above the water. The lungs are exposed to radon to a significant extent due to the deposition of the degradation products in the alveoli. The radioactive residue is deposited on the skin surface and kept there for several hours. Radioactive decay in the body is very diverse and largely depends on the amount of body fat.
In this process, the adrenal cortex, liver and muscles also play an important role. The anti-inflammatory, desensitizing and analgesic action of radon can be explained by the stimulation of the adrenal cortex and an increased production of steroid hormones. In the study, there was observed an increase in the concentrations of luteinizing hormone and growth hormone in serum, accompanied with an increase in cortisol, testosterone, estradiol, and estriol. Radon treatments improve peripheral circulation, reduce swelling, arthritis, tendon and muscle pain, and improve performance mobility. Lowered blood pressure, cholesterol and triglycerides, decreased red blood cell sedimentation reaction, increased hemoglobin levels and red blood cells, increased levels of ionized calcium, parathyroid hormone and calcitonin, accelerated removal of harmful products of metabolism were also observed. [15] [16] [17] [18] Spa (balneological) reaction is the body's adaptive response, created as a result of external factors (stimuli). It is a positive element of spa therapy, leading to metabolic changes, which are important for the body. Spa reaction is often the result of the use of a medicinal stimulus exceeding the body's compensation capacity. It is followed by excessive secretion of histamine, stimulation of the autonomic nervous system, burst of adrenal hormones by endocrine glands. The effect of these changes is an increase in the immune system and regeneration reactions. The mechanism of spa reaction is not yet fully examined. It is assumed, however, that in the abovementioned process it is mainly the autonomic nervous system that reacts to the applied stimulus.
The intensity of spa reaction depends on the type and quantity of natural medicinal materials used in the conducted study of radon water. The factors that determine the intensity of spa reaction are also the patients' age and state of health. In the image of spa reaction there may appear specific variable symptoms depending on the type of disease and non-specific ones, related to the reactivity of the organism treated with medical stimuli. These are mostly common ailments not previously observed in the patient. The symptoms can also be generalized in nature, have a local character and different levels of intensity. General symptoms include most commonly: increased erythrocyte sedimentation rate (ESR) and leukocyte number, an increase in body temperature, blood pressure, muscle pain, a decrease in overall physical performance. Local symptoms concern most commonly skin symptoms in the form of erythema, pruritus or urticaria. The reaction can affect even 70-80% of patients. The peak of spa reaction falls on the 2 nd -4 th day of the stay in a spa, increasing after about 7 days. On about the 14 th day of the stay at a sanatorium, the symptoms of spa reaction start to decrease. The exacerbation of the underlying disease and the activation of inflammatory reactions often appear. The clinical symptoms of the reaction are characterized with the intensity of muscle and joint pains, headaches, coronary pain, swelling of joints, loss of appetite, fatigue, irritability, depression, and sleep disorders. A characteristic feature of spa reaction is its division into phases: the initial phase I (lasts from 2 to 7 days) -labile reactions; the ergotrop phase II (lasts for about 1 week) -a period of an increased response; the trophop phase III (lasts until the end of treatment) -a relief reaction, a period of recovery and adaptation.
In phase III, the clinical improvement is achieved, often noticeable especially after returning home for a period of 8-10 months. Spa reaction usually occurs in patients who have used sulfur or radon baths and holistic mud peloid treatments. During the severe phase of spa reaction, it is advisable to reduce the intensity of the medicine stimulus, and sometimes it is recommended to temporarily discontinue the treatment. 19, 20 The aim of the study was to evaluate the changes in the scope of the integrated antioxidant system of the body in the course of radon therapy in terms of spa reaction.
Material and methods
The study was conducted in the health resort Świeradów-Zdrój. The observation included patients undergoing treatment in the spa within 21-day sanatorium stays. Venous blood was collected from patients before the treatment and after 18 days of treatment in the spa. Heparin plasma was used. To evaluate the TAS, a standard colorimetric assay by Randox Laboratories Ltd. (Warszawa, Polska) was applied. The obtained compound was characterized by a relatively stable blue-green color denoted with the use of light having a wavelength of 600 nm. The presence of antioxidants in the sample weakens in the emergence of color in proportion to their concentration. The reference range of plasma in the sample was 1.30-1.77 mmol/L and it was determined for the European working population. The reference range is variable depending on genetic factors, and it is also characterized by local variability. The studies were non-randomized. The study group consisted of 35 patients with joints and spine pains caused by osteoarthritis or a discectomy. The age of patients ranged from 47 to 63 years. The mean age of patients was 56.5 years. Among the respondents there were 23 women and 11 men. The essential criteria for the selection of patients were the presence of degenerative joints and/or disc disease, the age range of 45-65 years, the consent to participate in the study, and no contraindications to comprehensive treatment in the spa. The exclusion criteria were the lack of consent to participate in the research, age below 45 years and over 65 years, the presence of diseases constituting a contraindication to treatment (compatible with a standard list of indications and contraindications to spa therapy), and the presence of metabolic diseases. The patients were on a normal or light diet dominated by dishes prepared with low fat content. Both diets were standard calorie diets and there were no vitamin supplements used. Medicinal radon water was used in the therapy. Among the types of treatments applied there were: comprehensive radon bath -at a temperature of 37°C, with a duration of 15 min, the treatments performed every other day; radon inhalations -at a temperature of 37°C, with a duration of 15 min, the treatments performed every other day. Baths and inhalations were performed interchangeably and the total number of radon treatments during 1 stay was 15. In addition, the following forms of therapy were used: kinesitherapy -with a duration of 30-45 min; physiotherapy -in limited extent due to the possibility of activating oxidation processes. The conducted study involved curative radon water from Świeradów-Zdrój that has been used in treatments for more than 100 years. The natural water with low mineralized content plays a major therapeutic role with the parameters of Rn 303.1-441.5 Bq/L. In the treatment rooms (an inhalation room, cabins with baths and a swimming pool), the alpha radiation was 184.4-450.0 MeV. This evaluation allows one to determine the exposure of the patient. In contrast, the calculation of the absorbed dose of radiation is not carried out, because it is a variable value. It depends both on the body anatomy, especially the fat content and the surface of absorption, and the presence of some diseases, as well as on radon loss dependent on its exploitation, as mentioned in the Introduction. The measurements were performed in a room on a daily basis with the use of certified detectors. The measurements were analyzed every 3 months at the Institute of Occupational Medicine in the Department of Radiation Protection in Łódź.
The study was designed with the participation of the control group. The control group consisted of 14 people selected from the employees of the spa, including 9 women and 5 men, aged from 50 to 62 years, with the average age of 54.2 years. The control group included persons suffering from osteoarthritis of the musculoskeletal system who were not given treatments with radon. The essential criteria in the selection were the presence of degenerative joints and disc disease, the age range of 45-65 years, the consent to participate in the research, and lack of diseases which are a contraindication to treatment. The exclusion criteria were the lack of consent to participate in research, age below 45 years and over 65 years and the presence of diseases which constitute a contraindication to treatment. The selection and exclusion criteria in the control group were the same as in the study group.
The study was conducted within the framework of the Polish Radon Cluster. The initiative Polish Radon Cluster was incorporated on 12 November, 2014. It is an organization which unites Polish radon spas that offer radon treatments on a large scale. Among the partners of the Radon Polish Cluster there are: Wroclaw Medical University, the Association Forum of Local Activity and Sudecki Business Incubator, Świeradów-Czerniawa Spa Ltd. -PGU Group, Lądek-Długopole SA Spa. The mission of the Polish Radon Cluster is to promote the use of the unique therapeutic and rehabilitation potential, which is at the disposal of spa management in mining areas, with the deposits of radon water, in the form of a voluntary agreement of entrepreneurs, individuals, legal entities, and research groups. The aim and the initiative of the Cluster relies in creating in Poland, particularly in the region of Lower Silesia, a modern national center for radon treatment based on the results of research and know-how of the members of the Polish Radon Cluster. 
Results
In the study group, an increase in the level of TAS in trials II and III was noted. In the control group, in test II, the level of TAS increased, whereas in trail III, a decrease of TAS below the output value was noted. The Friedman ANOVA analysis of variance showed statistically significant changes in the test group and a slightly lower result in the control group. A multiple comparison with the use of the Friedman post-hoc test ANOVA of measurements I and II, II and III showed a statistically significant change in relation to the study group (an increase in the TAS concentration). In the case of the control group, an increase in the concentration of TAS in test II was statistically significant. In contrast, the comparison of measurements II and III showed a decrease in the TAS concentration and exhibited the characteristics of significance. The p-value in the comparison of measurement I and III for the 2 groups did not meet the target level of significance (Table 1, Fig. 1 ).
Discussion
In the study group, an increase in the TAS concentration after the treatment was noted, whereas in the control group, a decrease in TAS of the system was noted, which can indicate and determine the effectiveness of the spa therapy. In the conducted observation, an important issue was the assessment of the level of TAS on the 5 th day of the treatment (measurement II). In both groups, an increase in TAS of the system was found. In the study group, there was a statistically significant change in the concentration of TAS (p = 0.0001), whereas in the control group it was p = 0.007 (Table 1) . The obtained TAS results may indicate the sensitivity of the antioxidant system to radon therapy. The increase in the TAS concentration in the study group was due to the activation of the antioxidant system of the body as a result of the conducted therapy. However, in the control group, the increase in TAS on the 5 th day is unclear, and the change in value is less significant. In addition, the end result indicates a decrease in the concentration of TAS in the control group, which could ultimately indicate the lack of a factor stimulating the antioxidant system. The activation of the antioxidant system may be affected by a number of metabolic changes, which were discussed in the Introduction. Currently, it is difficult to assess the extent to which ionizing radiation stimulates the antioxidant system. There are not many publications that would match the results of the conducted observation. Most articles published in the 60s, 70s and 80s of the 20 th century, as well as studies on animals conducted in Japan, discussed the effects of radon therapy in very general terms. The studies demonstrated mainly the analgesic effects, decreased swelling, improvement in physical fitness. Years later, the studies on the subject matter showed that radon decreased the release of ROS in patients with Bechterew's disease and acted as an anti-proliferative agent to tumor cells, stimulating, i.a., the activity of superoxide dismutase. [21] [22] [23] [24] [25] Most of the publications discuss the health effects of ionizing radiation exposure, but only in reference to a specific case. Some of the reports refer to the studies of the populations living in areas with naturally high radiation or populations inhabiting the areas after a nuclear explosion, and those after occupational exposures. These studies showed that low doses of radiation had not only a neutral but also a positive impact on health. 26 Spa reaction is an important criterion of the body's reactivity to medicinal stimuli in the course of therapeutic spa treatment. When evaluating the results, it can be assumed that the human body receives a balneological stimulus as a factor causing free radical reactions. The process reveals a variety of symptoms and conditions. In a further step, by the accumulation of stimuli one can observe a change in the metabolism and an activation of immune reactions. It is followed by an increase in the production of antioxidants. The end result is a higher level of TAS of the body, the start of the adaptation and regeneration processes, and the clinical improvement after the treatment. The use of balneological stimuli should be individualized and adjusted to the adaptive capacity of the patient. The use of inappropriately strong stimuli may cause adverse effects in the form of more or less serious disequilibrium in homeostasis. On the other hand, the use of a medicinal stimulus with inadequately low intensity will not cause the expected results in terms of improving the health status of the patient. Spa reaction as a specific body response finally resulting in the improvement of the patient status (which occurs in the last phase of spa treatment) may express a controlled disturbance of homeostasis through a complex, lasting several days, activity with an exposure to the stimulus. The stimuli used in a spa express the same 14 N -number of trials; x -arithmetic mean (a measure of position); Min -minimum; Max -maximum; SD -standard deviation (a measure of variability); * the Friedman analysis of variance (ANOVA); ** multiple comparisons in the Friedman post-hoc ANOVA. character as adaptive stress. In the case of radon water used in the study, as a result of ionizing radiation (stimulus), used with specified time intervals, there was observed an increase in the resistance to a stress-applied stimulus. The result of these reactions will be adaptation, body hardening and habituation. A possible positive effect is an increase of the body's immune reactions due to little known mechanisms of temporary, functional or morphological changes dependent also on the stimulation of the autonomic nervous system. These mechanisms may give rise to positive changes determining the systemic improvement after the spa treatment. 27, 28 In the case of radon water with low doses of radiation, it is relatively difficult to find statistically reliable material. Much of the work in which the conclusions are drawn is not based on the observations of the effects of radiation, but on their absence. A big problem is the absorbed dose of radiation, the scope of systemic changes and the loss of radiation during radon water distribution. The main element believed to activate the transformation are low doses of absorbed ionizing radiation used in accordance with the theory of radiation hormesis. Irradiation of a large mass of tissue brings more pronounced systemic effects than focusing all radiation energy on an isolated part of the body. A possible positive effect is habituation. 29, 30 It can be assumed that an increase in immunity, physical fitness, pain relief, the normalization of blood pressure, a decreased heart rate are the effects of small doses of ionizing radiation, resulting from the stimulation of the antioxidant system. A clear indicator of such changes is the increase in TAS of the body in the study group after the treatment.
The assessment of the positive impact of radon therapy and other forms of spa therapy treatment in reference to the phenomenon of spa reaction requires conducting multidisciplinary research with a specific explanation of the significance of the phenomenon of radiation hormesis. It is desirable to design randomized studies conducted in large groups of patients.
Conclusions
A beneficial effect of radon treatments on the growth of TAS in the body of the patients treated in the spa was demonstrated.
The increase in the TAS concentration on the 5 th day of treatment may indicate the relationship between these changes and the phenomenon of spa response.
The changes are a result of low doses of ionizing radiation originating from radon dissolved in medicinal water used in the course of the therapy.
